] e ) and [Ca 2+ ] m . A detailed protocol was developed and freshly isolated mitochondria from guinea pig hearts were exposed to five different [CaCl 2 ] followed by ruthenium red and six different [NaCl] . By using the fluorescent probe indo-1, [Ca 2+ ] e and [Ca 2+ ] m were spectrofluorometrically quantified, and the stoichiometry of the NCE was determined. In addition, we measured NADH, membrane potential, matrix volume and matrix pH to monitor Ca 2+ -induced changes in mitochondrial bioenergetics. Gunter and Sheu 2009; Griffiths 2009 ). The main route for Ca 2+ uptake is the ruthenium red-sensitive Ca 2+ uniporter (CU) (Gunter and Pfeiffer 1990; Graier et al. 2007) , which is in large part driven by the negative mitochondrial membrane potential (ΔΨ m ) and the Ca 2+ gradient across the inner mitochondrial membrane (IMM) (Gunter and Sheu 2009; Saotome et al. 2005; Dash et al. 2009; Dedkova and Blatter 2008) . The negative ΔΨ m is generated by H + pumping in the respiratory chain, which also creates a H + gradient across the IMM resulting in an alkaline matrix pH (pH m ). The ability of the matrix compartment to sequester large amounts of Ca 2+ is attributed to its Ca 2+ loading capacity with a strong buffering power (Olson et al. 2012) . It is widely assumed that the formation of Ca 2+ -phosphate precipitates inside the alkaline matrix plays an important role in the sequestration of large quantities of Ca 2+ (Starkov 2010; Chalmers and Nicholls 2003; Chinopoulos and Adam-Vizi 2010) . Under pathologic conditions (e.g. during ischemia and reperfusion), a rapid and massive uptake of Ca 2+ can overwhelm the matrix Ca 2+ buffering system. By exceeding a certain threshold of mitochondrial Ca 2+ the mitochondrial permeability transition pore (mPTP) opens and releases pro-apoptotic proteins, and an enormous amount of Ca 2+ into the cytosol, resulting in mitochondrial damage and cell death (Brookes et al. 2004; Halestrap 2009; Bernardi and Rasola 2007; Camara et al. 2010) . The main route for release of mitochondrial Ca 2+ in excitable tissues (e.g. brain, heart) is the mitochondrial Na + /Ca 2+ exchanger (NCE) (Gunter and Pfeiffer 1990; Dedkova and Blatter 2008; Hoppe 2010) , which in its forward mode extrudes Ca 2+ in exchange for cytosolic Na + (Pradhan et al. 2010a ). In addition to Ca 2+ transport via the CU and NCE, mitochondrial Ca 2+ homeostasis in energized mitochondria may also be modulated by the ΔΨ m , ΔpH, Ca 2+ /H + exchanger (CHE) and Na + /H + exchanger (NHE). It is noteworthy that the proteins forming the CU and NCE have been recently identified (Palty et al. 2010; Baughman et al. 2011; De Stefani et al. 2011) . However, the precise stoichiometry of Na + /Ca 2+ exchange via the NCE remains unsettled. On the one hand, some experimental studies indicate a 2Na + :1Ca 2+ (electroneutral) exchange (Brand 1985; Paucek and Jaburek 2004) . On the other hand, other experimental studies indicate a 3Na + :1Ca 2+ (electrogenic) exchange (Baysal et al. 1994; Jung et al. 1995; Crompton et al. 1976 ). An electrogenic exchange would be regulated by the ΔΨ m (Jung et al. 1995) , since additional positive charges would move into the matrix during the forward mode of the NCE (Crompton et al. 1976; Kim and Matsuoka 2008) . Furthermore, biophysical computational approaches have been used to characterize the kinetics and stoichiometry of the NCE (Pradhan et al. 2010a; Dash and Beard 2008) . In these computational studies, published data from previous experimental studies (Paucek and Jaburek 2004; Kim and Matsuoka 2008; Cox and Matlib 1993) on the NCE kinetics were utilized to predict the impact of extra-matrix [Ca 2+ ], [Na + ] and ΔΨ m on the NCE function. However, those approaches did not unambiguously identify the actual stoichiometry of the NCE (Pradhan et al. 2010a) due to limited available experimental data.
Previous experiments on Ca 2+ regulation in heart mitochondria have provided insights into the CU and NCE dynamics by investigating the effects of adding either one single bolus of CaCl 2 and multiple boluses of NaCl, or multiple boluses of CaCl 2 and one single bolus of NaCl to the extra-matrix compartment (Jung et al. 1995; Crompton et al. 1976; Kim and Matsuoka 2008; Cox and Matlib 1993; Wei et al. 2011 (Haumann et al. 2010; Heinen et al. 2007 2+ buffering system using a mathematical model (see our companion paper (Bazil et al. 2012) ). Indeed, findings derived from this computational study (Bazil et al. 2012 ) corroborate our experimental observations regarding the existence of a dynamic matrix Ca 2+ buffering system during variations in Ca 2+ uptake and release.
Methods

Mitochondrial isolation
All experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee (IACUC). Mitochondria from guinea pig hearts were isolated as previously described (Haumann et al. 2010; Heinen et al. 2007) . Guinea pigs (250-350 g) were anesthetized by intraperitoneal injection of 30 mg ketamine, and 700 units of heparin for anticoagulation. Hearts (n064) were excised and minced to approximately 1 mm 3 pieces in ice-cold isolation buffer containing 200 mM mannitol, 50 mM sucrose, 5 mM KH 2 PO 4 , 5 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 1 mM EGTA and 0.1 % bovine serum albumin (BSA). Buffer pH was adjusted with KOH to 7.15. The minced pieces were suspended in 2.65 ml ice-cold buffer with 5U/ml protease (from Bacillus licheniformis), and homogenized at low speed for 30 s. Afterwards, 17 ml ice-cold isolation buffer was added and the suspension was again homogenized for 30 s and centrifuged at 8,000g for 10 min. The supernatant was discarded and the pellet was re-suspended in 25 ml ice-cold isolation buffer and centrifuged at 900g for 10 min. The supernatant was recovered and centrifuged once more at 8,000g to yield the final mitochondrial pellet, which was re-suspended in isolation buffer and kept on ice (4°C). The mitochondrial protein concentration was measured using the Bradford method (Bradford 1976) and diluted with isolation buffer to a defined protein concentration of 5 mg/ml and incubated with the appropriate dye or the vehicle (DMSO). Incubated mitochondria were re-suspended in 25 ml ice-cold isolation buffer and re-centrifuged at 8,000g. Subsequently, the dye-loaded pellet was re-suspended in cold isolation buffer, and the protein concentration was measured again, using the Bradford method (Bradford 1976) , and diluted to 12.5 mg/ml. The final mitochondrial suspension was stored in packed ice (4°C) and all subsequent experiments were conducted within 6 h after the last step of the isolation procedure.
Experimental groups and protocols
Isolated mitochondria were exposed to five different amounts of CaCl 2 and to six different amounts of NaCl resulting in 30 groups overall. For measurements of [Ca 2+ ] m or [Ca 2+ ] e , isolated mitochondria of each preparation were randomly assigned to two different CaCl 2 groups and their six NaCl subgroups. Corresponding NADH measurements were conducted from the same mitochondrial preparation. Since the combinations of different [CaCl 2 ] and [NaCl] for measurements of ΔΨ m , pH m and matrix volume were reduced to nine groups, all groups were tested from the same mitochondrial preparation for that specific day. Experiments were always repeated (n03-4) with mitochondria obtained from different hearts. Experimental buffer, which was adjusted with KOH to pH 7.15, contained 130 mM KCl, 5 mM K 2 HPO 4 , 20 mM MOPS and 0.1 % BSA. Since the mitochondria were suspended in isolation buffer containing 1 mM EGTA, a residue of the EGTA was carried over with the mitochondria into the experimental buffer resulting in an estimated concentration of 40 μM EGTA.
All experiments were conducted at room temperature (25°C) by using a precise experimental protocol shown in Fig. 1 . At t0− 90 s, mitochondria were added to the experimental buffer resulting in a final mitochondrial protein concentration of 0.5 mg/ml for all samples. At t00 s, pyruvic acid (PA, 0.5 mM), which was adjusted to pH 7.15, was added. At t0120 s, the mitochondrial suspension was exposed to 10, 20, 30 or 40 μM CaCl 2 to activate the CU. At t0300 s, ruthenium red (RR, 25 μM) was given to block the CU and to prevent further Ca 2+ uptake or re-uptake. At t0 360 s, mitochondrial suspension was exposed to 0, 1, 2.5, 5, 10 or 20 mM NaCl to induce Na (Haumann et al. 2010) . To measure [Ca 2+ ] m and pH m , mitochondria were incubated with their respective fluorescence probes, dissolved in DMSO. These dyes have an acetoxymethyl group (AM) and require an incubation period of 20 min at room temperature (25°C) to accumulate in the matrix. Once in the matrix, the AM is cleaved by esterases, and the dye is retained. To remove the remaining dye in the extra-matrix space another spin was conducted. Unlike [Ca 2+ ] m and pH m , measurements of [Ca 2+ ] e , ΔΨ m , NADH and matrix volume do not require incubation with a dye during the isolation procedure. But to ensure identical conditions in all experiments, these mitochondria were incubated for 20 min at 25°C with the appropriate concentration of DMSO used for indo-1 AM and BCECF AM.
To minimize errors and to avoid interference between different fluorescence dyes, isolated mitochondria were always incubated with either indo-1 AM, BCECF AM, or the vehicle (DMSO). [Ca 2+ ] e and ΔΨ m were measured by directly adding the appropriate dye to the experimental buffer. were added to the Na + -free buffer solution (1 ml). Substrate, pyruvic acid (PA, 0.5 mM), was added at t00 s to energize mitochondria (state 2) followed by either 0, 10, 20, 30 or 40 μM CaCl 2 at t0120 s. Ruthenium red (RR, 25 μM) was added at t0300 s to block further Ca 2+ uptake into the matrix via the Ca 2+ uniporter (CU). At t0360 s mitochondrial suspension was exposed to either 0, 1, 2.5, 5, 10 or 20 mM NaCl to activate the Na + /Ca 2+ exchanger (NCE). Experiments measuring extra-matrix and matrix free [Ca 2+ ], NADH or pH m were stopped at t0840 s. In experiments measuring ΔΨ m or matrix volume, CCCP (4 μM) or valinomycin (10 nM) was added at t0900 s, respectively, and experiments were stopped at t01,020 s Measurements of NADH and matrix volume did not require addition of a fluorescent probe and were conducted solely in vehicle-incubated (DMSO) mitochondria. Viability of mitochondria (0.5 mg/ml) was verified by measuring respiration at the beginning and at the end of fluorescence measurements using a Clark type O 2 electrode (MT200A, Strathkelvin Instruments, Glasgow, UK). Respiratory control indices (RCIs) were obtained by calculating the ratio of state 3 respiration to state 4 respiration with 0.5 mM pyruvic acid (PA) and 250 μM ADP. The mean RCIs (± SEM) were 12.08 (± 1.55) at the beginning of the fluorescence experiments and 8.51 (± 0.48) after 6 h. These RCI values verified functional coupling of the isolated mitochondria and their relative stability during the duration of the experiments.
Measurement of matrix free [Ca 2+ ]
[Ca 2+ ] m was measured by incubating the mitochondria with the emission-ratiometric dye indo-1 AM (5 μM). Indo-1 (Invitrogen™, Eugene, OR) is a fluorescent probe that binds to Ca 2+ with a vendor-given dissociation constant (K d ) of approximately 220 nM. However, in this and other recent studies by our group, we determined a K d of 330 nM (Agarwal et al. 2012 ) that more accurately reflects our experimental conditions. The emission wavelength (λ em ) of indo-1 shifts from 456 nm to 390 nm on binding to Ca 2+ at an excitation wavelength (λ ex ) of 350 nm. The ratio of the two emission wavelengths corrects for differences in the amount of dye taken up into mitochondria. Since emission and excitation signals at these wavelengths are influenced by NADH autofluorescence, background emission signals at 390 and 456 nm were separately obtained and subtracted from the corresponding emission signals for indo-1 before calculating the ratios (R). For calibration, it was necessary to obtain ratios when all indo-1 had become bound to Ca 2+ (R max ) and when no Ca 2+ was bound to indo-1 (R min ). To determine these ratios, experiments were conducted in PA energized mitochondria using 500 nM cyclosporine A, 500 μM CaCl 2 for R max , and A23187 (Ca 2+ -ionophore) in the presence of 2.5 mM EGTA for R min . The [Ca 2+ ] m was calculated using the following equation (Eq. 6) (Grynkiewicz et al. 1985) : [Ca 2+ ] e was measured using indo-1 pentapotassium salt (PP) when added to the experimental buffer (1 μM). This form of indo-1 is not able to permeate the matrix. Calibration in the presence of mitochondria was slightly different from the one used for indo-1 AM. R min was measured in experimental buffer containing 2.5 mM EGTA, while R max was determined in the experimental buffer containing 40 μM EGTA and 10 mM CaCl 2 . Measurement and calculation of [Ca 2+ ] e were conducted in the same manner as for [Ca 2+ ] m (see above).
Measurement of NADH
NADH autofluorescence signals measured at λ ex of 350 nm and λ em of 456 nm were used to correct for the background changes while measuring indo-1 fluorescence. To ensure identical levels of endogenous NADH, mitochondria used for NADH and indo-1 experiments were obtained from the same preparation of isolated mitochondria. Furthermore, NADH autofluorescence signals were used separately to validate Ca 2+ -dependent effects on mitochondrial NADH levels. For calibration, the NADH pool was either fully oxidized (0 %) with the respiratory uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 4 μM), or fully reduced (100 %) with the complex-I-blocker rotenone (10 μM). NADH values were scaled for each group to their average at t0100 s (for protocol and timeline see above). Any significant effects on NADH by CaCl 2 and NaCl were determined at t0840 s and statistically compared among the groups.
Measurement of membrane potential
Mitochondrial membrane potential (ΔΨ m ) was measured using the lipophilic dye TMRM (Invitrogen™, Eugene, OR) in a ratiometric excitation approach (Scaduto and Grotyohann 1999) . TMRM (1 μM), dissolved in DMSO, was separately added to the experimental buffer. Fluorescence changes were detected by two λ ex (546 and 573 nm) and one λ em (590 nm). By using this ratiometric approach the entire method is less susceptible to variations in dye concentration and fluorometer excitation energy (Scaduto and Grotyohann 1999) . Mitochondrial uptake and release of TMRM depend on ΔΨ m and are accompanied by changes in the excitation spectrum. In the presence of TMRM, hyperpolarization induces a decrease in fluorescence intensity at 546 nm and an increase at 573 nm. On the contrary, a depolarization causes a decrease in fluorescence intensity at 573 nm and an increase at 546 nm. The calculated ratio of both excitation wavelengths (573/546) is proportional to ΔΨ m and has the advantage of a broader dynamic range when compared to a single wavelength technique (Scaduto and Grotyohann 1999) . Measured ratios were scaled for each group to their average photon counts at t0100 s (for protocol and timeline see above). Unlike the NADH measurements, ΔΨ m was measured at 0, 20 or 40 μM CaCl 2 combined with 0, 5 or 20 mM NaCl resulting in nine experimental groups. Any significant effects on ΔΨ m by adding CaCl 2 and NaCl were assessed at t0840 s (for protocol and timeline see above) and statistically compared among the groups. At the end of the protocol at t0900 s, CCCP (4 μM) was added to induce a maximal depolarization.
Measurement of matrix pH
Matrix pH (pH m ) was measured using BCECF AM (5 μM, Invitrogen™, Eugene, OR), which is a probe that fluoresces more in an alkaline medium and less in an acidic medium. Therefore, an increase in signal intensity at λ ex of 504 nm and λ em of 530 nm indicates matrix alkalinization. The measured signals were scaled for each group to their average photon counts at t0100 s (for protocol and timeline see above). Detected fluorescence was converted to pH units by measuring the BCECF signal from tritonized (1 % triton X-100) mitochondria in experimental buffers with known pH values (7.00, 7.15, 7.30, 7.45 and 7.60) . A linear slope was obtained from this calibration technique, which enabled the calculation of the pH m by its signal fluorescence intensity. As described for the ΔΨ m measurements above, the same combinations of different amounts of CaCl 2 and NaCl were used and significant effects were assessed in the same manner.
Measurement of matrix volume
Matrix volume was determined by the light scattering technique at λ ex of 520 nm and λ em of 520 nm (Aldakkak et al. 2010) . Measured signals were scaled for each group to their average photon counts at t0100 s (for protocol and timeline see above). As described for the ΔΨ m measurements, the same combinations of CaCl 2 and NaCl were used and significant effects were assessed in the same manner. To confirm mitochondrial swelling, at the end of the protocol (t0900 s) maximal volume expansion was induced by adding valinomycin (10 nM), a K + -specific ionophore.
Statistical analyses
Data were transferred from PTI FelixGX (Version 3) into Microsoft® Excel® (2007) . IBM® SPSS® (Version 19) was used to execute statistical analysis, which was performed using one-way analysis of variance followed by post hoc Student-Newman-Keuls' test. Changes were considered statistically significant when the p-value was < 0.05. Data for analyses were collected at the times noted above and are presented as mean ± SEM.
Results
Changes in extra-matrix free [Ca 2+ ]
We monitored Ca 2+ uptake and release in isolated mitochondria (0.5 mg/ml) by using a defined protocol ( Fig. 1) with multiple combinations of different CaCl 2 and NaCl boluses, while measuring [Ca 2+ ] e (Fig. 2a, b ] e , determined after adding PA at t060 s (Fig. 2f , blue line), were not different among all CaCl 2 groups (~110 nM). In the presence of 40 μM EGTA, adding different amounts of CaCl 2 at t 0120 s (Fig. 2f, red ] e was faster in the 30 and 40 μM CaCl 2 groups ( Fig. 2d and e) than in to the 10 and 20 μM CaCl 2 groups ( Fig. 2b and c) . Subsequent addition of RR at t0300 s (Fig. 2f, green (Fig. 2a, b, c, d and e). The change of the patterns proceeded in an orderly fashion with increasing [CaCl 2 ] (Fig. 2a, b , c, d and e), whereby these patterns became more distinct at higher [CaCl 2 ] (Fig. 2c, d and e) compared to lower [CaCl 2 ] (Fig. 2a and b) ] m , after adding PA at t060 s (Fig. 3f , blue line), were not different among all CaCl 2 groups (~240 nM). In Fig. 3a , the 0 μM CaCl 2 group showed a slow gradual increase in [Ca 2+ ] m , which could be attributed to a small amount of Ca 2+ present in the experimental buffer despite the presence of 40 μM EGTA. To confirm this, additional experiments revealed that this slight increase in [Ca 2+ ] m was nullified when 1 mM EGTA or RR was present in the buffer (data not shown).
Adding CaCl 2 induced a rapid, concentration-dependent increase in [Ca 2+ ] m (~260, 360, 800, 1,200, 1,700 nM) at t0120 s (Fig. 3f, red line) . At 20, 30 and 40 μM CaCl 2 , [Ca 2+ ] m quickly approached a concentration-dependent level (Fig. 3c, d and e), whereas at 0 and 10 μM CaCl 2 Ca 2+ uptake proceeded more slowly (Fig. 3a and b ). At t0300 s (Fig. 3f, green line) ] m measurements (Fig. 3a, b, c, d and e) became less distinct at higher [CaCl 2 ] (Fig. 3d and e) compared to lower [CaCl 2 ] (Fig. 3a  and b ) and thus substantially deviated from those obtained from [Ca 2+ ] e measurements (Fig. 2a, b, c, d ] e of the same time points (60, 120, 300 s). Data in Panels a-e were obtained from a mitochondrial protein concentration of 0.5 mg/ml and are presented as mean of 4 individual experiments ± SEM
[NaCl] (Fig. 4a and b) and are also plotted against each other (Fig. 4c) ] e increased by adding NaCl (Fig. 4a) ] m decreased considerably in the presence of 1-5 mM NaCl (Fig. 4b) Fig. 5a and b) . On the one hand, the rate of change in [Ca 2+ ] e (Fig. 5a ) rose in a concentration-dependent manner for different amounts of NaCl at a defined [CaCl 2 ] . On the other hand, the rate of change in [Ca 2+ ] e increased in a concentration-dependent manner for a defined [NaCl] after adding different amounts of CaCl 2 (Fig. 5a ). The maximal rate of change in [Ca 2+ ] e was reached at 40 μM CaCl 2 and 20 mM NaCl (Fig. 5a ). These findings for [Ca 2+ ] e were supported only in part by the rates of change in [Ca 2+ ] m (Fig. 5b) . ] m was reached at 20 μM CaCl 2 with 20 mM NaCl (Fig. 5b ).
To visually demonstrate these apparent dissimilarities, we plotted the corresponding rates of change in [ ] m . Results for 5 mM NaCl at 0, 20 or 40 μM CaCl 2 are illustrated in Fig. 6 , whereas data for 0 and 20 mM NaCl at the same [CaCl 2 ] are shown in the Supplement (Figs. S1, S2, S3 and S4). NADH ( Fig. 6a) was assessed to provide the background autofluorescence measurements required to correct the indo-1 signals as well as to monitor changes in mitochondrial redox state. Addition of PA (t00 s) induced an abrupt increase in NADH. The exposure of mitochondria to 30 (data not shown) or 40 μM CaCl 2 (t0120 s) caused a significant transient and reversible oxidation of NADH compared to 0 and 20 μM CaCl 2 (see inset Fig. 6a ). Adding NaCl to activate the NCE did not significantly influence the level of NADH at t 0840 s (see also Supplement Fig. S1 ).
The major driving force for Ca 2+ uptake is ΔΨ m (Fig. 6b) , which may be influenced by changes in the Ca 2+ gradient via the CU and NCE. Like the change in NADH, 40 μM CaCl 2 induced a slight and transient membrane depolarization compared to 0 or 20 μM CaCl 2 (see inset Fig. 6b ). Adding NaCl did not significantly alter the level of ΔΨ m at t0840 s. The maximal membrane depolarization induced by adding CCCP (t0900 s) was similar in magnitude for all groups (see also Supplement  Fig. S2 ).
The pH gradient (Fig. 6c) influences not only the activity of the mitochondrial NHE or CHE, which in turn can influence the NCE, but also the Ca 2+ buffering capacity. Like the change in NADH, adding PA to energize mitochondria caused an abrupt increase in pH m (alkalinization) due to H + pumping. Exposure of mitochondria to 40 μM CaCl 2 induced a further increase in pH m compared to 0 or 20 μM CaCl 2 (see inset Fig. 6c ). Compared to 0 mM NaCl, pH m was not altered in the presence of 5 or 20 mM NaCl (see also Supplement Fig. S3 ). The level of pH m at t0840 s was nearly the same for all groups (~7.38).
Matrix volume (Fig. 6d) can be affected by changes in ionic gradients across the IMM. Adding PA induced a gradual volume increase due to mitochondrial energization. This volume expansion was slightly enhanced by 20 and 40 μM CaCl 2 compared to 0 μM CaCl 2 (see inset of Fig. 6d ). The exposure of mitochondria to 5 or 20 mM NaCl at 0 and 20 μM CaCl 2 reduced matrix volume slightly compared to 0 mM NaCl. In the presence of 0, 5 or 20 mM NaCl at 40 μM CaCl 2 matrix volume was not significantly altered compared to 0 and 20 μM CaCl 2 at t 0840 s (see also Supplement Fig. S4 ). Adding valinomycin (t0900 s) induced a maximal matrix volume expansion that was similar in magnitude for all groups. However, the observed increase in matrix volume induced by 0, 5 or 20 mM NaCl at 0, 20 and 40 μM CaCl 2 was negligible compared to the maximal volume expansion caused by valinomycin.
Discussion
It is generally known that mitochondria are able to take up, buffer and release large amounts of Ca 2+ , but it is not well understood how mitochondria do this under different Ca 2+ loading conditions. Thus, the objective of our study was to investigate and characterize the dynamics of the mitochondrial Ca 2+ uniporter (CU) and Na + /Ca 2+ exchanger (NCE) in regard to the Ca 2+ buffering properties of the extra-matrix and matrix compartments under our experimental conditions. We postulated that Ca 2+ -and Na NaCl] , but also between the extra-matrix and matrix compartments (Figs. 2a, b, c, d and e vs. 3a, b, c, d and e). To our knowledge, these salient observations of dynamic Ca 2+ uptake and release have not been previously described in such a detailed and systematic manner. In addition, our data provided an opportunity to quantify the dynamic Ca 2+ buffering system of the matrix compartment under our experimental conditions using a computational approach (see companion paper (Bazil et al. 2012) ). Lastly, the observed activity of the CU in the presence of 40 μM CaCl 2 transiently influenced NADH, ΔΨ m , pH m and matrix volume (Fig. 6) , whereas NCE activation did not substantially alter any of these variables. Pradhan et al. 2010b ). In our study the uptake of different amounts of Ca 2+ increased [Ca 2+ ] m in a concentration-dependent manner until RR was added (Fig. 3f) , whereas the corresponding levels of [Ca 2+ ] e were very similar for 20, 30 or 40 μM CaCl 2 (Fig. 2f) ] m . In contrast to previous studies (Chalmers and Nicholls 2003; Wei et al. 2011) , the NCE was not active under our experimental conditions until NaCl was added (t0360 s). This initial inactivity of the NCE was verified by additional experiments in the presence of CGP-37157. However, a possible extrusion of Ca 2+ via the putative CHE cannot be ruled out in our experiments, since the CHE is known to exist in cardiac mitochondria (Gunter and Sheu 2009 ). This fact could explain why we observed a slight increase in [Ca 2+ ] e and decrease in [Ca 2+ ] m at 0 mM NaCl (Figs. 2a and 3a) (Figs. 2e  and 3e ). The concentration-dependent relationship between the rate of change in [Ca 2+ ] e and added NaCl (Fig. 5a ) was confirmed in part by the rate of change in [Ca 2+ ] m (Fig. 5b) , while the concentration-dependent relationship between the rate of change in [Ca 2+ ] e and added CaCl 2 (Fig. 5a ) deviated from the relationship derived by the rate of change in [Ca 2+ ] m (Fig. 5b ). These differences in Ca 2+ dynamics between the extra-matrix and matrix compartments can also be attributed to the different Ca 2+ buffering properties of both compartments.
Since the extra-matrix Ca 2+ is primarily buffered by EGTA, the obtained rates of change in [Ca 2+ ] e are likely to better represent the actual rate of Na + -induced Ca 2+ exchange. The concentration-dependent relationship shown in our study between the rates of change in [Ca 2+ ] e and added NaCl is consistent with an earlier study (Crompton et al. 1976 ) on Na + -induced Ca 2+ efflux. That study demonstrated that the rate of Ca 2+ efflux by adding NaCl (0-50 mM) proceeded in a sigmoid manner indicating a saturable NCE. A sigmoid relationship between Ca 2+ efflux and added NaCl was also reported in another study (Kim and Matsuoka 2008) in permeabilized rat mycocytes, in which a sharp increase in Ca 2+ efflux appeared within a narrow range of different [NaCl] . Although our study conditions were different, we observed a similar phenomenon when adding different amounts of NaCl at a defined [CaCl 2 ]. As shown in Fig. 5a for 20, 30 and 40 μM CaCl 2 , the rate of change in [Ca 2+ ] e shows a sigmoid-like dependence on the added amount of NaCl with the greatest difference in the rate of change between 1 and 10 mM NaCl.
Our findings on an increase in the rate of change in [Ca 2+ ] e with added CaCl 2 and NaCl agree with a recent study by Wei et al. (Wei et al. 2011) . In that study the authors reported a biphasic dependence of the rate of Ca 2+ efflux on the added amount of NaCl because of a decrease in Ca 2+ efflux by increasing [NaCl] in excess of 15 mM. In our study, adding NaCl increased the rate of change in [Ca 2+ ] e in a sigmoid manner (Fig. 5a) , with a maximum at 20 mM NaCl. In contrast to the approach described in the Wei et al. study, in which NaCl was already present at the beginning of the experiments, we added NaCl to the Na + -free mitochondrial suspension after blocking the CU to avoid an early activation of the NCE. buffering between the extra-matrix and matrix compartments may explain the observed differences in the Ca 2+ dynamics. The ability of mitochondria to buffer Ca 2+ can be determined by calculating the Ca 2+ buffering power (β) of both compartments. In our study, the buffering power of the extramatrix compartment is predefined by a fixed composition of the experimental buffer, which contained 40 μM EGTA. On the other hand, the matrix Ca 2+ buffering power is much more extensive and, with respect to our current observations, may change in a dynamic manner. This indicates that the matrix Ca 2+ buffering power depends on the amount of Ca 2+ taken up. This notion of dynamic matrix Ca 2+ buffering is supported by our companion paper (Bazil et al. 2012) , in which our experimental data on NCE dynamics were computationally analyzed to estimate the matrix Ca 2+ buffering power (β Ca,m ) and to characterize the mitochondrial sequestration system. A basic prerequisite for quantification of the Ca 2+ buffering power is the data on total and free [Ca 2+ ] in the extra-matrix and matrix compartments. We measured changes in [Ca 2+ ] e and [Ca 2+ ] m during Ca 2+ uptake and release, but not total [Ca 2+ ], since such measurements are complex to undertake in a dynamic manner over the same time course. Thus, in our companion paper we developed and utilized a mathematical model based on the principle of mass conservation to determine the ratio of the rates of change of total and free matrix [Ca 2+ ]. Intriguingly, these computations confirm and substantiate our observations that the matrix Ca 2+ buffering power is dynamically regulated depending on the amount of Ca 2+ taken up into the matrix.
Mitochondrial
In general, matrix Ca 2+ buffering capacity appears to be determined by several factors: those that define the maximal amount of retained Ca 2+ , and those that define the threshold level for induction of Ca 2+ release by opening of the mPTP (Chinopoulos and Adam-Vizi 2010) . Both Ca 2+ retention and release can be modulated by experimental conditions, for instance by changing the pH or the amount of phosphate or adenine nucleotides (Chinopoulos and Adam-Vizi 2010) . Under our experimental conditions, adenine nucleotides did not play a role in matrix Ca 2+ buffering, because they were not added to the experimental buffer. Small changes in pH m were observed after adding large amounts of CaCl 2 , but no significant changes in pH m were detected by adding NaCl. It is widely believed that the major mechanism of Ca 2+ storage in mitochondria is achieved by the formation of amorphous Ca 2+ -phosphate precipitates (Chalmers and Nicholls 2003; Chinopoulos and Adam-Vizi 2010) , which could be enhanced by various matrix proteins (e.g. annexins) serving as nucleation factors (Starkov 2010; Genge et al. 2007 ). The formation of Ca 2+ -phosphate precipitates inside the matrix of isolated liver, brain and heart mitochondria has been reported previously (Chalmers and Nicholls 2003; Zoccarato and Nicholls 1982; Wei et al. 2012) . Since phosphate (5 mM) was present in our experimental buffer from the beginning, the formation of Ca 2+ -phosphate precipitates could conceivably explain in part the dynamic Ca 2+ buffering power of the matrix compartment.
The formation and dissociation of Ca
2+
-phosphate precipitates inside the matrix compartment are closely linked to pH m , because the phosphate ion (PO 4 3-) concentration depends on the third power of the pH gradient (Nicholls and Chalmers 2004) . Thus, formation of Ca 2+ -phosphate precipitates requires alkaline conditions (pH>7.7) to take place at [Ca 2+ ] m below 2 μM (Nicholls and Chalmers 2004) . However, at our [Ca 2+ ] m levels (< 2 μM) a pH in the range of 7.2-7.4 would not be conducive to formation of Ca 2+ -phosphate precipitates in great quantities. We conclude that mechanisms other than the simple formation of Ca 2+ -phosphate precipitates are likely to be involved in the matrix Ca 2+ sequestration process.
Effects of Ca 2+ uptake and release on NADH, membrane potential, matrix pH and matrix volume Mitochondrial Ca 2+ loading is believed to have a significant impact on mitochondrial function, especially respiration (Griffiths 2009; Camara et al. 2010) . It has been reported that elevated [Ca 2+ ] m can increase NADH generation in part by stimulating Ca 2+ -sensitive dehydrogenases of the TCA cycle (Griffiths 2009; Denton 2009 ). In our study the bioenergetic state was monitored by NADH measurements (Fig. 6a) . Adding PA induced an abrupt increase in NADH due to an increase in TCA cycle activity, which is consistent with recent studies (Wei et al. 2011; Haumann et al. 2010; Agarwal et al. 2012) . A significant rapid and transient drop in NADH (oxidation) was induced by 40 μM CaCl 2 . This transient oxidation of NADH was associated with a similar transient decrease in ΔΨ m at the same time. Under physiologic conditions, mitochondrial NADH is consumed by the electron transport chain (ETC) to create a negative ΔΨ m across the IMM (−150 to −220 mV). The observed oxidation of NADH is consistent with an increase in ETC activity to restore ΔΨ m .
The negative ΔΨ m is the primary driving force for Ca 2+ uptake via the CU (Chinopoulos and Adam-Vizi 2010; Camara et al. 2011 ) and also part of the driving force for an electrogenic Na + /Ca 2+ exchange via the NCE (Jung et al. 1995; Kim and Matsuoka 2008) . Hence, the transfer of net positive charges into the matrix during an electrogenic Na + / Ca 2+ exchange should be achieved at the expense of the ΔΨ m resulting in a partial depolarization. Indeed, we observed a transient mitochondrial membrane depolarization at 40 μM CaCl 2 that was associated with a transient oxidation of NADH (see insets Fig. 6a and b) . The rapid transient decrease in ΔΨ m was likely restored by increased respiration, i.e. enhanced NADH oxidation and H + pumping. The pH gradient across the IMM created by the ETC may be linked to the Ca 2+ gradient via the CHE (directly) and NHE (indirectly). As noted above, we cannot exclude a slight contribution of the CHE to the Ca 2+ extrusion because of a small increase in [Ca 2+ ] e and a corresponding decrease in [Ca 2+ ] m in the absence of NaCl. Previous studies in heart mitochondria demonstrated that the NHE effectively matches the Na + gradient to the H + gradient (Baysal et al. 1994; Jung et al. 1992; Crompton and Heid 1978) . Furthermore, the NHE is thought to exchange ions much faster than the NCE indicating that the activity of the NHE determines the actual matrix concentration of Na + (Jung et al. 1992 ). In our experiments, Ca 2+ uptake via the CU and its release via the NCE occurred between pH m 7.34 and 7.38 (Fig. 6c) , which is in the pH m range (7.2-7.6) reported by us and others (Santo-Domingo and Demaurex 2010; Haumann et al. 2010) . Adding PA to the mitochondrial suspension induced an abrupt increase in pH m (alkalinization) that was increased further by 40 μM CaCl 2 . The slight increase in pH m after adding CaCl 2 was probably due to enhanced activity of the TCA cycle to maintain the NADH level and a concomitant increase in H + pumping to re-establish the ΔΨ m . Adding NaCl to the NCE did not significantly change pH m in any CaCl 2 group. This is consistent with previous findings (Crompton et al. 1976) , and so we therefore assume that the NHE maintains the Na + gradient across the IMM quite constant.
Matrix volume is essentially controlled by the osmotic balance between the extra-matrix and matrix compartments that is generated by the sum of cations, anions and other osmolytes across the IMM (Kaasik et al. 2007 ). Mitochondrial K + homeostasis plays an important role in volume regulation with a concerted interplay between K + uptake via the K + channels and K + efflux via the K + /H + exchanger (Kaasik et al. 2007) . Changes in matrix volume may regulate mitochondrial energy metabolism by affecting the efficiency of the TCA cycle enzymes and ETC . We observed that energizing mitochondria with PA induced an abrupt matrix volume expansion that was increased slightly more by 20 or 40 μM CaCl 2 . The slight additional increase in matrix volume by adding CaCl 2 could be due to modulation of K + homeostasis by Ca 2+ -dependent K + -channel opening (Kaasik et al. 2007 ). Overall, compared to the maximal swelling induced by valinomycin, the observed changes in volume by different [CaCl 2 ] and [NaCl] were negligible.
Mitochondrial NCE stoichiometry
There are several experimental and computational studies on the putative stoichiometry of the mitochondrial NCE (Pradhan et al. 2010a; Brand 1985; Baysal et al. 1994; Jung et al. 1995; Kim and Matsuoka 2008; Dash and Beard 2008; Affolter and Carafoli 1980) . Most of them support an electrogenic exchange (Pradhan et al. 2010a; Baysal et al. 1994; Kim and Matsuoka 2008; Dash and Beard 2008) . One of the earliest studies suggesting an electrogenic exchange for the NCE (Crompton et al. 1976) showed that the NCE kinetics exhibited saturation with high extra-matrix [Na + ] resulting in a sigmoid curve. Based on this, it was suggested that more than one Na + was involved per cycle of exchange, as extrapolated from a Hill plot, to yield a 3Na + :1Ca 2+ stoichiometry (Crompton et al. 1976 ). However, other studies supported an electroneutral exchange for the NCE (Brand 1985; Affolter and Carafoli 1980; Li et al. 1992) . For instance, Na + /Ca 2+ antiporters purified from beef heart mitochondria reconstituted into liposomes exchanged Ca 2+ for Na + even in the presence of the uncoupler CCCP, which dissipates ΔΨ m , indicating an electroneutral exchange (Li et al. 1992) . To further complicate this discrepancy over the stoichiometry of the NCE, it was suggested that the NCE might alternate between electroneutral and electrogenic exchange depending on the experimental conditions (Jung et al. 1995) .
To determine the stoichiometry of the NCE in our study with multiple [CaCl 2 ] and [NaCl] combinations, we used a common approach that first assumes an electroneutral 2Na + :1 Ca 2+ exchange (Baysal et al. 1994) . Based on this assumption, the Ca 2+ gradient across the IMM is equal to the square of the Na + gradient at equilibrium (Eq. 2). That is, Ca 2+ would be exchanged for Na + until the energy contained in the electrochemical Ca 2+ gradient is balanced by twice the energy of the electrochemical Na + gradient (Jung et al. 1995) . The NHE equilibrates the Na + gradient to the H + gradient across the IMM (Eq. 3), but works much faster than the NCE in isolated mitochondria (Jung et al. 1995 
Logically, under such conditions, a dissipation of the H + gradient would subsequently cause a collapse of the Na + and Ca 2+ gradients. Under our experimental conditions, extramatrix pH was maintained at 7.15 and pH m was found to be around 7.38 (t0840 s) in all experimental groups (Fig. 6c,  Supplement Fig. S3) Table S1 in the Supplement). Based on this analysis, our study excludes the possibility of an electroneutral exchange via the NCE and suggests an electrogenic exchange.
Summary and conclusions
Our aim was to investigate and characterize the dynamics of mitochondrial Ca 2+ uniporter (CU) and Na + /Ca 2+ exchanger (NCE) during Ca 2+ uptake and release as well as parallel changes in NADH, ΔΨ m , pH m and matrix volume. The novelty of our study along with a major distinction from previous studies is that our approach demonstrates the impact of multiple combinations of different [CaCl 2 buffering. These data were also utilized in our companion paper (Bazil et al. 2012) , which computationally characterized the dynamics of Ca 2+ uptake and release by the matrix Ca 2+ sequestration system. More importantly, the computations from our companion paper support our experimental findings regarding the dynamic Ca 2+ buffering power of the matrix compartment.
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